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In this paper we consider some constraints on brane-world cosmologies. In the first part
we analyze different behaviors for the expansion of our universe by imposing constraints
on the speed of sound. In the second part, we study the nature of matter on the brane
world by means of the well-known energy conditions. We find that the strong energy
condition must be completely violated at late stages of the universe.
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1 Introduction
Recently there has been a lot of interest in the old idea [1] that spacetime has more
than four dimensions [2]. The most attractive scenario along these lines is, perhaps,
the so-called “Randall Sundrum (RS) brane world” [3]. Within this framework the
background metric is not flat along the extra coordinate; rather it is a slice of Anti-
de Sitter (AdS) space. Of course, in this setup, everything is confined to live on the
brane except for gravity itself, without conflict with observations. Generalizations of
the RS model including embeddings into supergravity or string theory [4], as well as a
number of interesting phenomenological issues [5], have sparked a flurry of activity and
several groups have begun to search for possible experimental signatures of these kinds
of models [6]. In addition, since the isometry group of the bulk continuum coincides
with the conformal group of the brane, the Maldacena conjecture could be exploited
[7]. Roughly speaking, the AdS/CFT correspondence may be able to set uniquely the
boundary conditions for the fields on the edge. (We will briefly touch upon this issue
in the next section).
On a different track, the picture of a brane world evolving in a larger spacetime
gives an interesting new perspective on early universe cosmology [8, 9]. In particular,
attention has been devoted to the question of the quantum creation of the world.
A series of rather recent papers advance the idea that a brane bubble can nucleate
spontaneously together with its AdS bulk [10, 11, 12, 13]. However, it is not clear
yet whether this system could evolve towards a configuration of thermal equilibrium
consistent with experimental data [14]. In this paper we elaborate on this question.
2
In section 2 we start by considering the very early stages of the brane world (i.e. at
temperatures T ∼ 1027K). Assuming a general equation of state for the matter on
the brane, we are able to constrain the evolution of the system by using standard
procedures of shell stability against radial perturbations [15]. Strictly speaking, we
show that tuning the speed of sound to the standard range, while (almost) consistent
with a de Sitter world, may lead to unusual regimes for AdS domain walls. Bounds
from the Weyl anomaly induced by the CFT that lives on the brane are also discussed.
Afterwards, in section 3 we turn to much later ages of the brane world (at temperatures
T ≤ 60K). We study possible constraints from the energy conditions. In particular, we
find that the matter threading the brane world is not consistent with the strong energy
condition unless the present value of the Hubble constant is H0 ≈ 30 km s−1 Mpc−1
(recent measurements find H0 = 67 ± 10 km s−1 Mpc−1 [16]). We close in section 4
with a brief discussion.
2 The Early Brane World
2.1 The Very Early Brane World
According to the Hartle–Hawking “no boundary” proposal, the quantum state of the
universe is given by an Euclidean path integral over compact metrics [17]. This picture
can be adapted to the RS scenario by surgical grafting two Euclidean balls of AdS5 [10,
11]. The evolution of the brane after creation is given by the analytical continuation of
S5 to real time, i.e., a de Sitter hyperboloid embedded in Lorentzian AdS5 space. This
brane world created from “nothing” is completely analogous to the four–dimensional
de Sitter instanton, except that here the inside of the wall is filled with AdS bulk.
Following [11, 12, 18] one can use the AdS/CFT correspondence to explain the behavior
of the inflating instanton. In particular, CFT s generally exhibit a conformal anomaly
when coupled to gravity [19]. In the above setup, this anomaly is the “carrier” of the
effective cosmological constant on the brane.
Formally, the above scenario can be generalized to d-dimensional de Sitter spaces
which bound d+1 dimensional AdS spaces. The CFT , however, is not straightforward
to obtain. The classical action describing the above setup is given by,
S =
L(3−d)p
16π
∫
Ω
dd+1x
√
g
(
R +
d (d− 1)
ℓ2
)
+
L(3−d)p
8π
∫
∂Ω
ddx
√
γ K+ T
∫
∂Ω
ddx
√
γ, (1)
where K stands for the trace of the extrinsic curvature of the boundary, γ is the
induced metric on the brane, and T is the brane tension.3 (The following discussion
will mostly refer to d = 4, but most of the equations will be written for arbitrary d).
3In our convention, the extrinsic curvature is defined as KΞΥ = 1/2(∇ΞnˆΥ +∇ΥnˆΞ), where nˆΥ is
3
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Figure 1: De Sitter instanton. The brane is a sphere bounding to AdS Euclidean spaces.
(The figure was adapted from [21]).
The first term is the usual Einstein-Hilbert (EH) action with a negative cosmological
constant (Λ = −1/ℓ2). The second term is the Gibbons-Hawking (GH) boundary term,
necessary for a well-defined variational problem [20]. The third term corresponds to a
constant “vacuum energy”, i.e. a cosmological term on the boundary.
Before proceeding further, we note that the following coordinate transformations:
dα
dφ
= ℓ tanh(η/ℓ) sinχ sin β sin θ ,
dy
dη
=
(
1 +
y2
ℓ2
)1/2
, (2)
give a diffeomorphism between the Euclidean AdS5-metrics
ds2 = dη2 + ℓ2 sinh2(η/ℓ2)[dχ2 + sin2 χdΩ23], (3)
and
ds2 =
(
1 +
y2
ℓ2
)
dα2 +
(
1 +
y2
ℓ2
)
−1
dy2 + y2dΩ23. (4)
the outward pointing normal vector to the boundary ∂Ω. Capital Greek subscripts run from 0 to d
and refer to the entire (d+1) dimensional spacetime, capital Latin subscripts run from 0 to (d − 1)
and will be used to refer to the brane sub-spacetime, lower Latin subscripts run from 1 to d − 1 and
refer to constant t slices on the brane. Throughout the paper we adopt geometrodynamic units so
that G ≡ 1, c ≡ 1 and h¯ ≡ L2
p
≡ M2
p
, where Lp and Mp are the Planck length and Planck mass,
respectively.
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Here dΩ23 = dβ
2 + sin2 β(dθ2 + sin2 θdφ2) is the volume element of the three-sphere
(see Fig. 1). Thus, one can glue two of these balls along the four sphere boundaries,
and then analytically continue to Lorentzian signature to obtain a four-dimensional de
Sitter brane embedded in Lorentzian AdS5 space. For simplicity we referred the above
formulae to Euclidean AdS5 balls, but it can be trivially generalized to AdSd+1.
With this in mind, we consider a brane that bounds two regions of Lorentzian AdS
spaces, which are conveniently described in the static chart as
ds2 = −
(
k +
y2
ℓ2
)
dt2 +
(
k +
y2
ℓ2
)
−1
dy2 + y2dΣ2k, (5)
where dΣ2k is the corresponding metric on a (d − 1) dimensional space of constant
curvature with metric g¯mn, and Ricci tensor R¯mn = k(d − 2)g¯mn with k ∈ {−1, 0, 1}
corresponding respectively to hyperbolic, flat and spherical geometry. The case of
particular interest here is the case k = 1, for which the conformal anomaly of the CFT
increases the effective tension of the domain wall, yielding an everlasting inflationary
universe [12]. Henceforth, k shall merely be carried along as an arbitrary constant that
details alternative symmetries for the brane. It should be noticed, that when the scale
factor is large enough the spherical universe would be practically indistinguishable from
a spatially flat universe (k = 0).
Applying the thin-shell formalism [22] the field equation reads,
Tg
ΞΥ
δ
Ξ
A δ
Υ
B =
L3−dp
4 π
[KAB − tr(K)gΞΥδ
Ξ
A δ
Υ
B]. (6)
The above equation implies that the case k = 1 corresponds to an inflating universe
which is forever expanding (a comprehensive analysis of a domain wall that inflates,
either moving through the bulk or with the bulk inflating too, was first discussed by
Chamblin–Reall [8]).
2.2 Matter–driven Expansion
Inflation will only be useful if it comes to an end. In the spirit of [23] we will assume
that the world is created with the matter fields in their ground state, and when it
starts falling under the action of the higher dimensional space the matter fields become
excited. If this is the case, the subsequent expansion results from matter on the brane.
We take the energy momentum tensor to be
T˜AB = −TcγAB + ρ˜ uAuB + p˜ (γAB + uAuB), (7)
corresponding to matter with energy density ρ˜ and pressure p˜. Here, uA stands for the
velocity of a piece of stress-energy in the co–moving system (uAu
A = −1), tuning the
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vacuum energy to be Tc = (d − 1)/(4πℓLd−3p ). From now on, to simplify notation, we
denote by T˜ 00 ≡ −ρ(A), T˜mm ≡ p(A).
The system can be decomposed into falling shells (which do not interact with each
other or with the environment that generates the metric), with trajectories described
by the scale factor A(τ). In other words, while the brane-world is sweeping through
the (d+ 1) dimensional bulk, the change in the internal energy is compensated by the
work done by the internal forces,
d
dτ
ρS + p d
dτ
S = 0, (8)
where,
S = 4πA
2
(d− 1)L3−dp
. (9)
It is straightforward, using Eq. (6) and definitions above, to check that
ρ =
L(3−d)p
4π
(d− 1)
A
(
k +
A2
ℓ2
+ A˙2
)1/2
, (10)
and
p = −L
(3−d)
p
4π

(d− 2)A
(
k +
A2
ℓ2
+ A˙2
)1/2
+
A¨ + A/ℓ2√
k + A˙2 + A2/ℓ2

 , (11)
satisfy the required energy conservation (dots denote derivatives with respect to τ). It
should also be noted that the jump in the second fundamental form selects the positive
value of the square-root. The previous equations may be recast as
A˙2 = −k − A2
(
1
ℓ2
− 16π
2ρ2
(d− 1)2 L2 (3−d)p
)
; (12)
ρ˙ = −(d− 1) (ρ+ p) A˙
A
. (13)
Now, we choose a particular equation of state, in the form p = p(ρ), so as to integrate
the conservation equation (13)
ln(A) = − 1
(d − 1)
∫
dρ
ρ+ p(ρ)
. (14)
This relationship may be formally inverted to obtain ρ as a function of the brane
“radius”, ρ = ρ(A). In these terms, Eq. (12) becomes
A˙2 = −V (A); V (A) = k + A2
(
1
ℓ2
− 16π
2ρ2
(d− 1)2 L2 (3−d)p
)
. (15)
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This single dynamical equation completely determines the expansion of the brane.
It is important to stress that when the matter fields become excited the Hubble rate
A˙/A has an extremum, so it is possible to expand the dynamical equation around this
particular “radius” denoted by A0. Generically we would have
V (A) = V (A0) + V
′(A0)(A− A0) + 1
2
V ′′(A0)(A− A0)2 +O((A− A0)3), (16)
where a prime denotes derivative with respect to A. To compute the various derivatives,
we rewrite the conservation equation as
[ρ(A)A]′ = −[(d− 2) ρ+ (d− 1) p]. (17)
Differentiating once more we obtain
[ρ(A)A]′′ =
(d− 1) (ρ+ p)
A
[(d− 2) + (d− 1)v2s ], (18)
where
v2s(ρ) ≡
∂p
∂ρ
∣∣∣∣∣
ρ
(19)
is the speed of sound on the brane. It is easily seen that that the first derivative of the
potential
V ′(A) =
2A
ℓ2
+
32 π2 ρA [(d− 2) ρ+ (d− 1) p]
(d− 1)2L2(3−d)p
(20)
vanishes if
ρ0 =
L(3−d)p
4π
(d− 1)
A0
(
k +
A20
ℓ2
)1/2
, (21)
and
p0 = −
L(3−d)p
4π

(d− 2)A0
(
k +
A20
ℓ2
)1/2
+
A0/ℓ
2√
k + A20/ℓ
2

 . (22)
Furthermore,
V ′′(A) =
2
ℓ2
− 32 π
2{[(d− 2) ρ+ (d− 1) p]2 + (d− 1) ρ (ρ+ p)[(d− 2) + (d− 1) v2s ]}
(d− 1)2 L2(3−d)p
(23)
becomes
V ′′(A0) =
2
ℓ2
− 2A
2
0/ℓ
4
k + A20/ℓ
2
− 2 k
A20
[(d− 2) + (d− 1) v2s0]. (24)
The square of the expansion velocity is, at this order of approximation,
A˙2 = −1
2
V ′′(A0)(A−A0)2 +O((A− A0)3). (25)
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Thus, the equation of motion for the brane requires V ′′(A0) ≤ 0. This condition can
be re-written in terms of the variable x ≡ A20/ℓ2 as, (here for k = −1,+1)
k [x− (k + x) (d− 2)]
(d− 1) ≤ k (k + x) v
2
s . (26)
If we now restrict the speed of sound to lie in the standard range: vs ∈ (0, 1], a glance
at Eq. (26) shows that if k = −1, then
(3− d)x > (2− d). (27)
For d = 2 this implies that x should be positive, while for d = 3 the inequality is
trivially satisfied. For d > 3 we get the following bound 1 < x ≤ (d − 2)/(d − 3)
– in AdS5 this is the statement that 1 < A
2
0/ℓ
2 ≤ 2. Note that we have assumed
throughout that x > 1. Indeed, from Eq. (5) we see that if x < 1 the brane is localized
in time and not in the bulk. It is noticeable that for k = −1 the brane has an effective
cosmological constant which is less than zero; if A˙0 is a maximum, the system is not
able to thermalize to a final state with no cosmological constant on the brane. Hence,
there is no consistent solution minimizing the value of A˙0. On the other hand, if k = 1
(de Sitter instanton) there is no constraint on x (in this case, Eq. (26) just implies that
x is positive), and the brane could develop a well–behaved cosmology. Finally, for the
case k = 0, there is no bound from the above considerations since this is a static case.
2.3 Constraints from the Weyl Anomaly
Now we will concentrate on the case of d = 4 and k = +1. With this in mind, Eq. (12)
can be re-written as
A˙2 = −1− A
2
ℓ2
(
1− T
2
eff
T 2c
)
, (28)
where Teff = Tc + ρ˜. It should be stressed that an extra term, proportional to ρ˜
2, ap-
pears in the r.h.s. of Eq. (28) when comparing to the standard Friedmann-Robertson-
Walker cosmology (a fact already known) [8]. To match the known observations of
the expanding universe, the latter has to play a negligible role at least back to the
time of electron-positron annihilation and primordial nucleosynthesis. At this stage
we should point out that when dealing with compactified extra dimensions, one has to
stabilize the value of the radion-field (which determines the size of the extra dimen-
sion) at the beginning of nucleosynthesis so as not to get into conflict with observations
[9]. Throughout this paper, however, the radion is set to the minimum of its poten-
tial. Some constraints on the equation of state for cosmology with compactified extra
dimensions were recently considered in [24].
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All in all, one expects that the universe evolves in a similar fashion even in the
presence of branes at temperatures lower than T ∼ 1012K (more on this below). Nev-
ertheless, there could be a significant departure from the usual scenario at very high
energy scales – i.e. at the beginning of the universe – since the expansion rate could
be dominated by ρ˜2. To find the possible values of ρ˜ (at very high energy scales) we
recall that the Weyl anomaly sets the effective tension of the brane to be [11]
Teff =
3 (1 + A20/ℓ
2)
4πLpA0
. (29)
The ratio between the energy density of the matter fields and the vacuum energy at
the minimum classical radius of the brane equals
ρ˜(A0)
Tc
=
ℓ
A0
(
1 + A20/ℓ
2
)1/2 − 1. (30)
Expanding the square–root with the assumption A0 ≪ ℓ we see that4
ρ˜(A0)
Tc
∼ ℓ
A0
≫ 1. (31)
This shows that the ρ˜2-term dominates the early expansion of the brane world. On
the other hand, one can immediately show that the Weyl anomaly does not set any
constraint on the ratio A0/ℓ.
3 Present Epoch
3.1 Energy Conditions on the Brane
The energy conditions, encoded in the evolution of the expansion scalar governed by
Raychaudhuri’s equation [25], are designed to side-step, as much as possible, the need
to pin down a particular equation of state. They provide simple and robust bounds
on the behavior of various linear combinations of the components of the stress-energy
tensor. The refinement of the energy conditions paralleled the development of power-
ful mathematical theorems, such us singularity theorems (guaranteeing, under certain
circumstances, gravitational collapse), the proof of the zeroth law of black hole thermo-
dynamics (the constancy of the surface gravity over the event horizon), limits on the
extents to which light cones can “tip over” in strong gravitational fields (superluminal
censorship), the cosmic censorship conjecture (singularities cannot be unshielded, they
4Note that if one abandon the idea that the solution come with some string inspired mechanism
the AdS radius is not constrained to be of order of Planck length.
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always remain hidden by event horizons), etc. [25]. In particular, the classical singu-
larity theorem relevant to proving the existence of the big-bang singularity relies on
the strong energy condition (SEC). It is somewhat disturbing to realize that current
observations seem to indicate that the SEC is violated – though weakly – somewhere
between the epoch of galaxy formation and the present time, in an epoch where the
cosmological temperature never exceeds 60 Kelvin [26]. It is therefore worthwhile to
test whether the brane world cosmology relaxes or increases the bounds on the viola-
tion of the energy conditions. In this section we shall generalize the analysis by Visser
on Friedmann–Robertson–Walker (FRW) cosmologies [26].
Let us start by setting some basic nomenclature. The weak energy condition (WEC)
is the assertion that for any timelike vector ξA, T˜AB ξ
AξB ≥ 0. The null energy condi-
tion (NEC) is satisfied if and only if, T˜AB ζ
AζB ≥ 0 for any null vector ζA. The strong
energy condition (SEC) holds if and only if (T˜AB − 12 T˜ γAB) ≥ 0. Finally, the domi-
nant energy condition (DEC) basically says that the locally measured energy density is
always positive, and that the energy flux is timelike or null, that is T˜AB ξ
AξB ≥ 0, and
T˜AB ξ
A is not spacelike (for an introduction to this subject, see [25]). These conditions
can be rephrased in terms of the energy density and the principal pressures as follows,
• WEC: ρ > 0, and ∀j, ρ+ pj ≥ 0
• NEC: ∀j, ρ+ pj ≥ 0
• SEC: ∀j, ρ+ pj ≥ 0 and ρ+∑j pj ≥ 0
• DEC: ρ ≥ 0, and ∀j, pj ∈ [−ρ, ρ].
where j = 1, . . . , d − 1. With these expressions in hand, one can easily verify the
equivalence between FRW and braneworld cosmology with respect to WEC, NEC and
DEC. One can also check that these energy conditions are not in conflict with the
present data.5 In the next section we will consider the SEC.
3.2 What is the Brane World Made of?
The most direct observational evidence for the expansion of the universe comes from
the redshift of spectral lines of distance galaxies. When we look into the sky and see
some object, the look-back time τ˜ to that object is defined as the modulus of the
difference between τ0 (the age of the universe now) and τ the age of the universe when
the light that we are receiving was emitted. If we know the velocity of expansion of the
5It should be noted, that the energy conditions as defined above refer to the brane world and not to
the entire spacetime. The extension of these definitions to the whole spacetime leads to NEC violation
in compactified RS scenarios [27].
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universe A˙, by putting a lower bound on A˙ we deduce an upper bound on look-back
time. We warn the reader not to confuse τ0 with the birth-time. Throughout this
section we use the subscript zero to indicate present epoch. Unfortunately both usages
are standard.
15 16 17 18 19
28
30
32
34
Age of the oldest stars [Gyr℄
Hubble parameter
[km s
 1
Mp
 1
℄
z = 7 z = 15; 20
Figure 2: Upper bounds on the Hubble parameter H0 as a function of the age of the
oldest stars for different redshifts. Note that the bounds for z = 15, 20 are almost
identical.
In particular, from Eqs. (10) and (11) one can trivially check that the SEC is satisfied
if and only if
(d− 3)[k + A˙2] + (d− 2)A
2
ℓ2
+ A¨A ≤ 0, (32)
and
− [k + A˙2] + A¨A ≤ 0. (33)
Note that the condition (32) depends on d, and for AdS3, SEC could be satisfied
even with A¨ > 0. Furthermore, contrary to the standard FRW case, SEC shows a
k dependence on brane-world cosmology. We now look for violations of the SEC in
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our brane cosmology and for that we concentrate on the condition in Eq. (32). We
consider a four–dimensional flat brane (k = 0), which according to current experiments
is the most likely to describe the world at the present epoch [16]. We further restrict
the problem to A2 ≪ ℓ2.6 Let us define the function f(A) ≡ A˙A. Using Eq. (32), it is
easily seen that
∀A < A0, f(A) ≥ f(A0). (34)
To set some bounds on the cosmological evolution it is convenient to refer the above
formulae to the redshift factor z. For a photon emitted at τe, z is defined as
z ≡ A(τ0)
A(τe)
− 1. (35)
Then after integrating Eq. (34) we see that for a flat brane (k = 0) the SEC gives the
following bound on the Hubble constant:
H0 ≤ 2z + z
2
2 τ˜(z) (1 + z)2
. (36)
Without belaboring the subject, it has been known for some time now [28] that the
age of the oldest stars is 16 ± 2 Gyr. The best guess for the redshift at formation of
these candles is zf ≈ 15. Using these values in Eq. (36) yields H0 ≈ 30 km s−1 Mpc−1.
Even pulling zf into zf = 7 or zf = 20 gives lidicous bounds, see Fig. 2. Therefore,
brane-world cosmology cannot be compatible with stellar evolution and the SEC. It
is easily seen from Eq. (32) that for k = −1,+1 the acceleration A¨ has to be more
negative and hence that the bounds on H0 are even more stringent than for the case
discussed above.
4 Final Remarks
The fate of the universe is still uncertain [16]. Moreover, the possible existence of
extra dimensions further complicate the picture. In this article, we traced a possible
evolution of the brane world from the very early beginning to the formation of galaxies
a few billions years later, without enforcing any particular equation of state. On the
one hand, we discussed high energy scales, related to the early universe. We see that
if the speed of sound is taken to lie in the standard range, a de Sitter brane world
could develop a consistent cosmological scenario, whereas a similar bound may lead
to unusual regimes for AdS domain walls. This constraint does not depend on the
choice of equation of state. In addition, we find that if k = 1 the Weyl anomaly
increases the effective tension on the brane in such a way that the matter density
6Note that to satisfy SEC A¨ becomes more negative while increasing A with respect to ℓ.
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ρ˜2 plays a paramount role in the early universe cosmology. On the other hand, we
have shown that reasonable values of the Hubble parameter imply that the strong
energy condition must be violated sometime between the epoch of galaxy formation
and present. Consequently, fixing the age of the universe does not just imply tuning
an equation of state. To overwhelm the gravitational effects of the normal matter,
we will inescapably need large quantities of matter that violates the strong energy
condition, or so–called abnormal matter. Faced with this fact, it would perhaps be
interesting to analyze whether any frozen brane-bulk interaction could improve the
situation. The difficulty with this possibility will be maintaining some rather peculiar
physics engendered by strong energy condition violations.
Acknowledgements
We would like to thank Carlos Nun˜ez and Lisa Randall for useful discussions. The work
of LA was supported by CONICET and that of KO by the Danish Natural Science
Research Council.
References
[1] T. Kaluza, Akad. Wiss. Phys. Math. K1, 966 (1921); O. Klein, Z.Phys. 37, 895
(1926).
[2] Variations of Kaluza Klein theory that motivated the renaissance of higher dimen-
sional models are discussed in, K. Akama, Lect. Notes Phys. 176, 267 (1982) [hep-
th/0001113]; V. Rubakov and M. Shaposhnikov, Phys. Lett. 125B, 136 (1983);
M. Visser, Phys. Lett. B159, 22 (1985); M. Pavsic, Class. Quant. Grav. 2, 869
(1985); Phys. Lett. A 107, 66 (1985); G. W. Gibbons and D. L. Wiltshire, Nucl.
Phys. B 287, 717 (1987); I. Antoniadis, Phys. Lett. B 246 (1990) 377; N. Arkani-
Hamed, S. Dimopoulos and G. Dvali, Phys. Lett. B 429, 263 (1998); I. Antoniadis,
N. Arkani-Hamed, S. Dimopoulos and G. Dvali, Phys. Lett. B 436, 257 (1998);
M. Gogberashvili, Mod. Phys. Lett. A 14, 2025 (1999); Europhys. Lett. 49 396
(2000).
[3] L. Randall and R. Sundrum, Phys. Rev. Lett. 83, 3370 (1999) [hep-ph/9905221];
Phys. Rev. Lett. 83, 4690 (1999) [hep-th/9906064].
[4] A. Kehagias, [hep-th/9906204]; A. Brandhuber and K. Sfetsos, [hep-th/9908116;
H. Verlinde, hep-th/9906182; K. Skenderis and P. K. Townsend, [hep-th 9909070];
J. Lykken and L. Randall, JHEP 0006, 014 (2000) [hep-th/9908076]; K. Skenderis
13
and P. K. Townsend, [hep-th 9909070]; A. Chamblin and G. W. Gibbons, Phys.
Rev. Lett. 84, 1090 (2000) [hep-th/9909130]; O. DeWolfe, D. Z. Freedman, S. S.
Gubser and A. Karch, [hep-th/9909134]; A. Chamblin, S. W. Hawking and H.
S. Reall, Phys. Rev D 61, 065007 (2000) [hep-th/9909205]; R. Emparan, G. T.
Horowitz and R. C. Myers, JHEP 0001, 007 (2000) [hep-th/9911043]; S. Nam,
JHEP 0003, 005 (2000), [hep-th/9911104]; R. Emparan, G. T. Horowitz and R.
C. Myers, JHEP 0001, 021 (2000) [hep-th/9912135]; J. Garriga and T. Tanaka,
Phys. Rev. Lett. 84 2778 (2000) [hep-th/9911055]; M. Sasaki, T. Shiromizu and K.
Maeda, [hep-th/9912233]; A Chamblin, C. Csa´ki, J. Erlich and T. J. Hollowood,
Phys. Rev. D (to be published) [hep-th/0002076]; S. B. Giddings, E. Katz and L.
Randall, JHEP 0003, 023 (2000) [hep-th/0002091]; C. Grojean, [hep-th/0002130];
C. Barcelo´ and M. Visser, [gr-qc/0008008].
[5] G. F. Giudice, R. Rattazzi and J. D. Wells, Nucl. Phys. B 544, 3 (1999) [hep-
ph/9811291]; S. Cullen, M. Perelstein and M. E. Peskin, [hep-ph/0001166]; Z. K.
Silagadze, [hep-ph/0002255].
[6] M. Acciarri et al. (L3 Collaboration), Phys. Lett. B 470, 281 (1999) [hep-
ex/9910056]; C. Adloff et al. (H1 Collaboration), [hep-exp/0003002].
[7] J. Maldacena, Adv. Theor. Math. Phys. 2, 231 (1998) [hep-th/9711200]; O.
Aharony, S. S. Gubser, J. Maldacena, H. Ooguri, and Y. Oz, [hep-th/9905111].
[8] H. A. Chamblin and H. S. Reall, Nucl. Phys. B 562, 133 (1999) [hep-th/9903225];
N. Arkani-Hamed, S. Dimopoulos, N. Kaloper, and J. March Russell, Nucl. Phys.
B 567, 189 (2000) [hep-ph/9903224]; N. Kaloper, Phys. Rev. D 60, 123506 (1999)
[hep-th/9905210]; C. Csa´ki, M. Graesser, C. Kolda, J. Terning, Phys. Lett. B 462,
34 (1999) [hep-ph/9906513]; J. M. Cline, C. Grojean and G. Servant, Phys. Rev.
Lett. 83, 4245 (1999) [hep-ph/9906523]; D. J. Chung and K. Freese, Phys. Rev.
D 61, 023511 (2000) [hep-ph/9906542]; W. D. Goldberger, M. B. Wise, Phys.
Rev. D 60, 107505 (1999) [hep-ph/9907218]; H. B. Kim and H. D. Kim, Phys.
Rev. D 61, 064003 (2000) [hep-th/9909053]; P. Kanti, I. I. Kogan, K. A. Olive
and M. Pospelov, Phys. Lett. B 468, 31 (1999) [hep-ph/9909481]; J. Cline, C.
Grojean and G. Servant, Phys. Lett. B 472, 302 (2000) [hep-ph/9909496]; P.
Kraus, JHEP 9912 011 (1999) [hep-th/9910149]; A. Kehagias and E. Kiritsis,
JHEP 9911, 022 (1999) [hep-th/9910174]; E. E. Flanagan, S. -H. Henry Tye and
I. Wasserman, Phys. Rev. D 62, 044039 (2000) [hep-ph/9910498]; S. Nam, [hep-
th/9911237]; D. Ida, [gr-qc/9912002]; N. Kaloper, Phys. Lett. B 474, 269 (2000)
[hep-th/9912125]; M. Cveticˇ and J. Wang, Phys. Rev. D 61, 124020 (2000) [hep-
th/9912187]; S. Mukohyama, T. Shiromizu, and K. Maeda, [hep-th/9912287]; C.
Csa´ki, J. Erlich, T. J. Hollowood and J. Terning [hep-th/0003076]; N. Deruelle and
14
T. Dolezˇel, [gr-qc/0004021]; C. Barcelo´ and M. Visser, Nucl. Phys. B (to be pub-
lished) [hep-th/0004022]; C. Barcelo´ and M. Visser, Phys. Lett. B 482, 183 (2000)
[hep-th/0004056]; H. Stoica, S. H. Henry Tye and I. Wasserman, [hep-th/0004126];
R. Maartens, [hep-th/0004166]; P. F. Gonzalez-Diaz, [gr-qc/0004078]; D. Langlois,
[hep-th/0005025]; C. van de Bruck, M. Dorca, R. Brandenberger and A. Lukas,
[hep-th/0005032]; V. Barger, T. Han, T. Li, J. D. Lykken and D. Marfatia, [hep-
ph/0006275].
[9] W. D. Goldberger and M. B. Wise, Phys. Rev. Lett. 83, 4922 (1999) [hep-
ph/9907447]; P. Binetruy, C. Deffayet and D. Langlois, Nucl. Phys. B 565, 269
(2000) [hep-th/9905012]; C. Csa´ki, M. Graesser, L. Randall and J. Terning, Phys.
Rev. D 62, 045015 (2000) [hep-ph/9911406]; L. Mersini [hep-th/0001017]; C.
Csa´ki, M. L. Graesser and G. D. Kribs, [hep-th/0008151].
[10] J. Garriga and M. Sasaki, Phys. Rev. D 62, 043523 (2000) [hep-th/9912118].
[11] S. W. Hawking, T. Hertog and H. S. Reall, Phys. Rev. D 62, 043501 (2000)
[hep-th/0003052].
[12] L. Anchordoqui, C. Nun˜ez and K. Olsen, [hep-th/0007064].
[13] K. Koyama and J. Soda, Phys. Lett. B (to be published) [gr-qc/0001033]; H.
Ochiai, K. Sato, [gr-qc/0007059]; [gr-qc/0007060]; Z. H. Zhu, L. Cao, Mod. Phys.
Lett. A 14, 2179 (1999); S. Mukohyama, [hep-th/0007239].
[14] A. Chamblin, A. Karch and A. Nayeri, [hep-th/0007060]; A. Mazumdar, [hep-
ph/0007269]; [hep-ph/0008087].
[15] See for instance, M. Visser, Lorentzian Wormholes, (AIP Press, Woodbury, N.Y.
1995); P. R. Brady, J. Louko and E. Poisson, Phys. Rev. D 44 1891 (1991); E.
Poisson and M. Visser, Phys. Rev. D 52, 7318 (1995).
[16] M. S. Turner and J. A. Tyson, Rev. Mod. Phys. 71, S145 (1999) [astro-
ph/9901113].
[17] J. B. Hartle and S. W. Hawking, Phys. Rev. D 28, 2960 (1983).
[18] S. S. Gubser, [hep-th/9912001]; M. J. Duff and J. T. Liu, [hep-th/0003237]; S.
Nojiri, S. D. Odintsov and S. Zerbini, Phys. Rev. D (to be published) [hep-
th/0001192]; S. Nojiri and S. D. Odintsov, Phys. Lett. B (to be published) [hep-
th/0004097]; [hep-th/0007205].
[19] M. J. Duff, Class. Quantum Grav. 11, 1387 (1994) [hep-th/9308075].
15
[20] G. W. Gibbons and S. W. Hawking, Phys. Rev. D 15, 2752 (1977).
[21] S. Hawking, J. Maldacena and A. Strominger, [hep-th/0002145].
[22] W. Israel, Nuovo Cimento 44B, 1 (1966); erratum–ibid. 48B, 463 (1967).
[23] A. A. Starobinsky, Phys. Lett. B 91, 99 (1980).
[24] C. Kennedy and E. M. Prodanov, Phys. Lett. B 488, 11 (2000) [hep-th/0003299];
K. Enqvist, E. Keski-Vakkuri and S. Ra¨sa¨nen, [hep-th/0007254].
[25] S. W. Hawking and G. F. R. Ellis, The large scale structure of the spacetime,
(Cambridge University Press, England, 1973); R. M. Wald, General Relativity,
(university of Chicago Press, Chicago, 1984). See also, M. Visser, B. Bassett, S.
Liberati, Nucl. Phys. B (Proc. Suppl.) 88, 267 (2000).
[26] M. Visser, Science 267, 88 (1997); Phys. Rev. D 56, 7578 (1997) [gr-qc/9705070].
[27] L. A. Anchordoqui and S. E. Perez Bergliaffa, Phys. Rev D 62, 067502 (2000)
[gr-qc/0001019].
[28] P. J. E. Peebles, Principles of Physical Cosmology, (Princeton University Press,
1993).
16
